In this study, the thermal performance of a small scale shell and tube heat exchanger was performed according to the baffle type by using three dimensional Computational Fluid Dynamics (CFD) method. In numerical calculations, segmental and continuous helical baffle types were selected to get the comparative results. For helical baffle type, we used two different models that the numbers of helical rotations and baffle spacing length were different. Thus, we determined five different numerical models and the thermal performance of each models were evaluated under different inlet temperature values selected as 50, 60 and 70°C for the tube side. The inlet temperature value and the mass flow rate of shell side were kept constant during all the numerical calculations. The heat transfer calculations were achieved by using Logarithmic Mean Temperature Difference (LMTD) method. We also employed the Bell-Delaware method which can be used accurately for shell and tube heat exchangers. The highest thermal performance was determined in Case-IV which had equal baffle spacing and the maximum number of rotations for continuous helical baffle. The predicted total pressure drop results obtained from the numerical calculations were in good agreement with the calculated total pressure drop from Bell-Delaware method. The lowest pressure drop and the highest thermal performance were achieved for continuous helical baffle type compared to the segmental equal spacing baffle type. The numerical simulations based on CFD analysis can provide more information about heat exchangers and this tool can be used to improve both design and the thermal performance of heat exchangers.
INTRODUCTION
The basic function of the heat exchanger is transfer energy from one fluid zone to another one and shell and tube heat exchangers are indirect contact types which are more suitable compared to the others in view of practical applications and maintenance [1, 2] . Thus, shell and tube heat exchanger is one of the common preferred types of heat exchanger which is used in different areas such as refrigeration, chemical process, manufacturing, power generation etc. [3] [4] [5] . There are number of classifications according to different parameters such as construction, number of fluids, flow arrangements etc. In shell and tube heat exchangers, there are two main flow region called shell and tube side flows. Shell side flow analysis is more complex than the tube side because different flow streams such as cross flow, by-pass and leakage were occurred in practice. To determine these streams, various parameters such as tube bundle layout, baffle design and shell side flow arrangements should be evaluated considering desired heat transfer rate and getting minimum pressure drop. Baffles are used to support tubes and to provide desirable velocity distribution in shell side [2, 6] . Geometrical parameters of the baffle lead to make different flow streams at the shell side of the heat exchanger and baffles have different types such as segmental, helical, slotted etc. [1, 7, 8] . Segmental baffles are the most commonly used baffle type. On the other hand, heat exchangers with helical baffle have higher thermal performance than heat exchangers with segmental baffle at equal pressure drop values [9] . Helical baffles consist of two major types known as continuous and noncontinuous [7] . A properly designed continuous helical baffled heat exchanger can decrease fouling, avoid vibration and enhance the thermal performance [10] . In available literature, there are too many studies about the effects of baffle parameters such as baffle type, baffle cut, baffles orientation angles, baffle inclination angle, helix angle etc. on the heat transfer rate and pressure [11] [12] [13] [14] [15] [16] [17] . But the researches include baffle spacing length are very limited. Moreover, selecting of right distance of two adjacent baffles can be used to improve the heat transfer rate. For instance, reducing the baffle spacing length lead to increase heat transfer rate but the pressure drop is increased too and so the pumping power. This adverse effect can be eliminated by using variable baffle spacing length in shell side which had nearly equal thermal performance compared to the heat exchanger with equal baffle spacing length [18] .
In this paper, the thermal performance evaluation of an E type small scale shell and tube heat exchanger was carried out by numerical approach. To enhance the thermal performance and getting comparative results we developed five different CFD models considering with TEMA standards [19] . In the first model, a segmental baffle type with equal baffle spacing was chosen as a referenced model for getting improvements of this model. The continuous helical baffle with equal and variable baffle spacing length was selected in the second and third models, respectively. The numbers of helical rotations were selected as three in these models. In the fourth and fifth models, the numbers of helical rotations were increased to four and these models had also continuous helical baffle with equal and variable baffle spacing, respectively.
During the numerical calculations, the effect of the inlet temperature values of hot fluid on the thermal performance of a small scale heat exchanger were performed by using three dimensional CFD method. The numerical results based on simulations were integrated into the theoretical calculations of the heat exchanger by using LMTD method and we also compared the numerical results to the theoretical calculations obtained from Bell-Delaware method. All these computations were performed under steady-state conditions. The purpose of this study is to investigate both the design effects of baffle type and baffle spacing on the heat transfer rate and pressure drop. We also investigated numerically the impacts of the rating parameters such as mass flow rate and the inlet temperature value of fluid to get the better design in view of thermal efficiency in all cases.
MATERIALS AND METHODS

Theoretical study
Total heat transfer rate can be calculated considering energy conservation by using Equations (1 and 2). In these equations, the heat transfer between outer surfaces of the shell side and its surroundings is negligible and these surfaces assumed as adiabatic.
LMTD method is used for the calculation of the total heat transfer rate due to temperature variation with locations. The mass flow rate (m ̇ -kg/s), specific heat (cp -kj/kgK), inlet and outlet temperature values for hot (Th,i ,Th,o) and cold (Tc,i, Tc,o) fluid zones were used in Equations (1 and 2) so as to calculate the total heat transfer rate. This value can also be calculated by using Equation (3) and the terms of the equation were U (W/m 2 K), A (m 2 ) and Tlm named as the total heat transfer coefficient, the total heat transfer area and the logarithmic temperature difference, respectively. Calculation of Tlm depends on the flow direction and can be calculated by using Equations (4-6).
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For shell side heat transfer calculations, Kern and BellDelaware methods are commonly used. Kern method is used preliminary calculations and in this method Reynolds number calculations based on equivalent diameter. Baffle cut ratio is assumed as constant 25% in Kern method. However, this ratio changes between 15% and 45% according to TEMA standards. On the other hand, BellDelaware method is more complex than Kern method which takes into account baffle cut ratio, bypass and leakage streams on the shell side heat transfer coefficient and the total pressure drop.
Reynolds number is calculated by using outer diameter of tube in this method. The Bell-Delaware method can be used accurately for shell and tube heat exchanger which is designed according to TEMA standards. The detailed information about these methods can be found in references 2 and 4.
The shell side convection heat transfer coefficient (ho) was calculated with using Equation (7) in Bell-Delaware method mentioned above. The J factors had important roles and all these j factors were assumed as one except Jb which is the correction factor for bundle bypassing. Jc is the correction factor for baffle cut and spacing was assumed as one because there were no tubes in the window area. Jr was assumed as one too. Jl is the correlation factor for baffle leakage effects including tube-to-baffle and shell-to-baffle leakage. But in the CFD calculations the leakage effects were not considered so Jl was assumed as one.
The last J factor, Js is the correction factor for variable baffle spacing at the inlet and outlet zones of shell side. In the numerical calculations for Case-I, the baffle spacing was equal and Js factor was taken as one. In the equation, hid is the ideal heat transfer coefficient for pure crossflow in an ideal tube bank [6] .
In tube side, to calculate the convective heat transfer coefficient (hi) Petukhov-Kirillov correlation was used as given by Equation (8 and 9) (Kakaç. et al., 2012).
The total heat transfer coefficient (U) was also calculated by using the Equation (10) with using convective heat transfer coefficient of both shell and tube sides, the tube diameter of inside and outside and the thermal conductivity of tube material [6] .
In Bell-Delaware method the shell side total pressure drop (Ps) can be calculated with the dividing shell side of the heat exchanger into four regions and each region was separately calculated to obtain the total pressure drop. The total pressure drop can be calculated from Equation (11) where, the pressure drop defined for internal cross-flow ( ), baffle window ( ), entering-leaving ( ) and the nozzle ( ) regions, respectively. More detailed information about the calculating the total pressure drop using Bell-Delaware method can be found in references [6, 18] .
Numerical study
In the numerical simulations, we designed five different models by using three dimensional CFD method. These models were Case-I to Case-V and baffle type of Case-I was segmental and this case had equal baffle spacing length. This case was selected as a reference model which tube layout, baffle type, baffle cut ratio and baffle spacing were compatible with TEMA standards.
At the design stage of CAD model, tube layout angle was selected as 30° which has the greatest tube density. The heat exchanger had also 4 segmental baffles for Case-I and 7 tubes were designed for tube layout. The CAD models used in the numerical simulations of all cases are shown in Figure 1 .
The first case had segmental baffle type with equal baffle spacing length. The second case had continuous helical baffle type with three numbers of rotations and equal baffle spacing length. The third case was similar to the second one but variable baffle spacing length was selected.
In the fourth and fifth cases number of helical rotations of baffle was determined as four and these models had also continuous helical baffle type with equal and variable baffle spacing length, respectively. The schematic view of all baffle spacing schemes and the dimensions used in the computations are shown Figure 2 and Table 1 . In the numerical calculations, mesh generation is very crucial step for pre-processing to obtain high precision numerical results. The surface mesh structure of the all cases were similar each other and is shown in Figure 3 
Energy:
In Equation (16), Φ is the dissipation function that was described in Equation (17). Outlet surfaces of the tube side Gauge pressure equals to 0 Pa Water was selected as a fluid for both shell and tube side for the numerical calculations. The mass flow rates were kept constant as a value of 0.2 kg s -1 and 0.4 kg s -1 for hot and cold side, respectively for all cases. Inlet temperature value of the tube side was adjusted 50°C, 60°C and 70°C.
Inlet temperature value of shell side was remained unchanged and it was a value of 20°C for all numerical simulations. Table 2 shows the boundary conditions and solver settings used in the numerical calculations.
RESULTS AND DISCUSSIONS
The calculated temperature values at the outlet surface of both shell and tube sides are shown in Table 3 . According to the numerical results, the temperature values obtained for continuous helical baffle type with three numbers of rotations (Case-II and Case-III) were equal.
Computed outlet surface temperature values of the tube side for segmental baffle type were higher than helical ones in general. The heat exchangers with helical baffle have higher shell side outlet temperature values than segmental ones. Table 4 . The cases of heat exchanger with helical baffle have higher total heat transfer rate values than segmental ones. For the cases of equal baffle spacing, higher total heat transfer rate values were predicted than the cases which had variable baffle spacing. But, increasing the number of helical rotations lead to rising in the total heat transfer rate of shell and tube heat exchangers. The maximum heat transfer rate was calculated for Case-IV which had equal baffle spacing with maximum number of rotations for continuous helical baffle and the increase in total heat transfer rate was computed about 11.6% in percentage compared to the Case-I which had segmental baffle type. The outlet temperature values obtained from the CFD calculations were used to determine the total heat transfer coefficient (U . These values were close to each other and the calculated U values for all cases are shown in Table 5 . The total pressure drop obtained from CFD results, are shown in Table 6 . As expected, the total pressure drop between inlet and outlet surfaces of the shell side was decreased for shell and tube heat exchangers with helical baffle type. The maximum pressure drop was achieved for segmental baffle type.
The total pressure drop values obtained from Bell-Delaware and CFD methods of shell and tube heat exchanger with segmental baffles were approximately 32430 Pa and 34745 Pa, respectively. The difference between these values was acceptable for the design stage and computed about 7% in percentage. On the other hand, the calculated total pressure drop was increased with the number of helical rotations according to results shown in Table 6 . In general, the cases used variable baffle spacing had higher pressure drops compared to the cases which had equal baffle spacing for helical shell and tube heat exchangers. The total pressure drop obtained for Case-II which had helical baffle type with equal baffle spacing was calculated about 26 kPa for all numerical calculations. The decrease in percentage of computed pressure drop for this case was about 25% compared to the Case-I which had segmental baffle type. Another important result is that the number of helical rotations increased the total pressure drop in general. The computed velocity distributions for all numerical models are shown in Figure 5 and the flow streams obtained for segmental baffle type had zigzag manner across the tube bundle, however, using helical baffle type makes the flow stream rotational and spiral that leads to get lower pressure drop values. The computed velocity values were ranged from 0 m/s to 1.8 m/s in shell side in general and the this value was calculated about 5.2 m/s in the nozzle region due to contraction of sections. 
CONCLUSIONS
In this study, the thermal performance evaluation of an E type small scale shell and tube heat exchanger was carried out by using three dimensional CFD method considering baffle type and baffle spacing under different tube side inlet temperature values. To enhance the thermal performance and getting comparative results we developed different CFD models. The numerical results based on simulations were integrated into the theoretical calculations of the heat exchanger by using LMTD method. We also employed the Bell-Delaware method which can be used accurately for shell and tube heat exchangers. According to the numerical simulations, the main results are described below:
• Case-IV, which had equal baffle spacing and the maximum number of helical rotations (four) had the highest thermal performance.
• Increasing the number of helical rotations can cause increase in the total heat transfer rate however, it also increase the total pressure drop. So, the number of helical rotations had great effect on the thermal performance of shell and tube heat exchanger.
• For the same mass flow rate, the thermal performances of the heat exchangers with helical baffle type had higher than the model which had segmental type in general.
• According to the comparison of numerical and theoretical calculations, it was observed that the total heat transfer coefficient values of CFD and Bell-Delaware results were close to each other. These two methods can be used together to evaluate the thermal performance of shell and tube heat exchangers. Moreover, the theoretical methods such as Kern and Bell-Delaware do not give any information about the location of leakage and by pass streams but CFD method was utilized for such flow patterns.
• The total pressure drop values of heat exchanger model with equal baffle spacing were lower than variable ones and the lowest total pressure drop was achieved for Case-II which had equal baffle spacing with helical baffle type.
• The total pressure drop values obtained from the theoretical calculations with using Bell-Delaware method and numerical calculations were close to each other.
• The flow pattern in shell side for segmental baffle had zigzag manner across the tube bundle, however, using helical baffle type makes this pattern rotational and spiral that leads to get lower pressure drop values.
• The decrease in percentage of computed pressure drop for Case-II was about 25% compared to the Case-I which had segmental baffle type.
• The helical baffle type heat exchanger was an alternative model and can be replaced with segmental type for industrial applications.
• Therefore, the baffle configuration design can be used to ensure better thermal performance and also reduced the total pressure drop.
• CFD tool can be used for improving thermal efficiency of shell and tube heat exchanger and this tool can provide more information about leakage and bypass streams and dead zones of shell and tube heat exchangers. 
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